We report the fabrication of both n-type and p-type WSe 2 fieldeffect transistors with hexagonal boron nitride passivated channels and ionic-liquid (IL)-gated graphene contacts. Our transport measurements reveal intrinsic channel properties including a metal−insulator transition at a characteristic conductivity close to the quantum conductance e . We attribute our ability to observe the intrinsic, phonon-limited conduction in both the electron and hole channels to the drastic reduction of the Schottky barriers between the channel and the graphene contact electrodes using IL gating. We elucidate this process by studying a Schottky diode consisting of a single graphene/WSe 2 Schottky junction. Our results indicate the possibility to utilize chemically or electrostatically highly doped graphene for versatile, flexible, and transparent low-resistance ohmic contacts to a wide range of quasi-2D semiconductors. KEYWORDS: MoS 2 , WSe 2 , field-effect transistor, graphene, Schottky barrier, ionic-liquid gate L ayered transition metal dichalcogenides (TMDs) have recently emerged as promising materials for flexible electronics and optoelectronics applications. These systems have demonstrated many "graphene-like" properties including a relatively high carrier mobility, mechanical flexibility, chemical and thermal stability, and moreover offer the significant advantage of a substantial band gap.
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ABSTRACT: We report the fabrication of both n-type and p-type WSe 2 fieldeffect transistors with hexagonal boron nitride passivated channels and ionic-liquid (IL)-gated graphene contacts. Our transport measurements reveal intrinsic channel properties including a metal−insulator transition at a characteristic conductivity close to the quantum conductance e . We attribute our ability to observe the intrinsic, phonon-limited conduction in both the electron and hole channels to the drastic reduction of the Schottky barriers between the channel and the graphene contact electrodes using IL gating. We elucidate this process by studying a Schottky diode consisting of a single graphene/WSe 2 Schottky junction. Our results indicate the possibility to utilize chemically or electrostatically highly doped graphene for versatile, flexible, and transparent low-resistance ohmic contacts to a wide range of quasi-2D semiconductors. KEYWORDS: MoS 2 , WSe 2 , field-effect transistor, graphene, Schottky barrier, ionic-liquid gate L ayered transition metal dichalcogenides (TMDs) have recently emerged as promising materials for flexible electronics and optoelectronics applications. These systems have demonstrated many "graphene-like" properties including a relatively high carrier mobility, mechanical flexibility, chemical and thermal stability, and moreover offer the significant advantage of a substantial band gap. 1 Field-effect transistors (FETs) with atomically thin TMD channels are immune to short channel effects. 2 In addition, pristine surfaces of twodimensional (2D) TMDs are free of dangling bonds, which reduce surface roughness scattering and interface traps. Atomic layers of MoS 2 are probably the most extensively studied among the layered TMDs due to the availability of large natural molybdenite crystals from mining sources. 3 In addition to MoS 2 , several other semiconducting TMDs such as MoSe 2 , WS 2 , and WSe 2 with different band structures and charge neutrality levels may offer additional distinct properties. 1, 4 However, the number of studies on TMDs other than MoS 2 is still small. 5−14 Among these studies, back-gated WSe 2 monolayer FETs with surface doping have already demonstrated a high field-effect mobility 8 reaching ∼140 cm 2 V −1 s −1 , which is substantially higher than most of the reported roomtemperature mobility values for MoS 2 . 15−19 A high intrinsic hole mobility of up to 500 cm 2 V −1 s −1 was also observed in bulk WSe 2 FETs. 11 Furthermore, WSe 2 is more resistant to oxidation in humid environments than MoS 2 . 10, 20 A major challenge for developing WSe 2 -based electronic devices is that WSe 2 tends to form a substantial Schottky barrier (SB) with most metals commonly used for making electrical contacts. 8, 13 This is a strong disadvantage, because lowresistance ohmic contacts are needed for exploring (i) intrinsic transport properties of the channel material and (ii) performance limits of realistic devices. There are typically two approaches to achieve low resistance contacts between a semiconductor and a metal: (a) thinning the SB width by degenerately doping the contact regions and (b) lowering the SB height by selecting contact materials with an extremely high (for p-type semiconductors) or low (for n-type semiconductors) work function. Low-resistance contacts have been achieved by surface doping of WSe 2 (e.g., with NO 2 and K) in order to reduce the SB thickness, or by using low work function contact metals such as indium in order to lower the height of the SB to the conduction band. 8, 10, 12 However, NO 2 and K doping is not stable in air. Indium adheres poorly to the substrate and is thermally unstable due to its low melting point of 156°C. 10 Previously, we have reported significant improvement of electrical contacts in few-layer MoS 2 devices by drastically reducing the SB thickness using an ionic liquid (IL) gate. 21 However, the improved charge injection efficiency using this method is still fundamentally limited by the height of the Schottky barrier. For example, the contact resistance of our ILgated MoS 2 is still significantly higher for the hole channel than for the electron channel due to the relatively large SB height for the valence band. As mentioned earlier, the Schottky barrier height may be reduced by selecting metal electrodes with a low work function (for n-type semiconductors) or a high work function (for p-type semiconductors). Yet it has proven to be extremely challenging to find metals with a proper high or low work function that also exhibit a high conductivity and a high chemical, thermal, and electrical stability. Furthermore, the expected benefit of the proper work function for lowering the SB may be drastically reduced by Fermi level pinning. 2, 22 In particular, a recent theoretical study shows that partial Fermi level pinning is present at the metal/TMD contacts for a variety of metals with the work functions spanning a wide range. 23 In this work, we use graphene as electrode material with a tunable work function to overcome the above limitations of metal electrodes to contact few-layer WSe 2 FETs. For one, graphene is mechanically strong, flexible, and thermally stable, which is desirable for flexible electronics applications. Even more importantly, the work function of graphene can also be tuned by chemical or electrostatic doping to minimize the SB height at the graphene/semiconductor interface. 24, 25 By using the extremely large electric double layer (EDL) capacitance of an IL gate, the work function of graphene at the graphene/ WSe 2 interface can be modulated within an enormously large range. As a result, we have formed for the first time, in a single device structure, WSe 2 -based FETs of both n-and p-type that display low-resistance contacts and high carrier mobility. Even though devices based on graphene-TMD heterostructures have been reported previously, 26 8, 10, 12, 34 indicating that our graphene-contacted few-layer WSe 2 devices approach the intrinsic phonon-limited mobility for both electrons and holes. The most significant finding of our study is that highly "doped" graphene is an excellent contact electrode material for high-performance p-and n-type TMD FETs. The different functionalities of highly n-doped and highly p-doped graphene electrodes offer a promising possibility to fabricate complementary digital circuits on a single TMD thin film.
To fabricate graphene contacted WSe 2 FETs, atomically thin WSe 2 flakes were produced from a bulk crystal by a mechanical cleavage method and subsequently transferred onto degenerately doped silicon substrates covered with a 290 nm thick thermal oxide layer. 21,35−37 An optical microscope was used to identify thin flakes, which were further characterized by noncontact-mode atomic force microscopy (AFM). In the present study, we focus on few-layer samples with 4−12 layers corresponding to 3−8 nm thickness. Samples containing only few layers can be produced more easily and sustain larger drive currents than WSe 2 monolayers, while at the same time maintaining a relatively large ON/OFF ratio and a small c-axis interlayer resistance in comparison to thicker samples. 31, 38, 39 Next, we deposited a thin hexagonal boron nitride (h-BN) crystal (10−50 nm thick; mechanically exfoliated from commercially available h-BN crystals) onto a few layer WSe 2 flake to cover its middle section. While performing the deposition using a home-built precision transfer stage, we made sure that the two ends of the WSe 2 remained exposed to form electrical contacts. Passivating the WSe 2 channel by h-BN enables us to tune separately the SB height at the graphene drain/source contacts using the IL gate and the chemical potential of the channel using the Si back gate. We chose h-BN as the WSe 2 channel passivation layer because of its atomically smooth surface that is chemically inert and relatively free of charged impurities and charge traps. 40−42 To form drain and source contacts, we transferred and patterned CVD grown monolayer graphene on top of the h-BN covered WSe 2 flake. Subsequently, we fabricated metal electrodes, consisting of 5 nm of Ti covered by 50 nm of Au, as electrical contacts to the graphene electrodes using standard electron beam lithography (EBL) and electron beam deposition. 43 During the same fabrication step, a large metal electrode was fabricated to serve as an IL gate electrode. Finally, we removed selectively graphene on top of the h-BN covered WSe 2 channel by EBL patterning and oxygen plasma etching. Then, a small droplet of the DEME-TFSI IL (Sigma-Aldrich 727679) was carefully deposited onto the devices using a micromanipulator under an optical microscope, covering the WSe 2 devices and gate electrodes. 21 Figure 1a shows a schematic illustration and Figure 1b shows a micrograph of a typical WSe 2 FET device with graphene contacts. Graphene is located inside the rectangular box outlined by the white dashed lines. Figure 1c shows an AFM image of the region boxed by the black solid lines in Figure 1b , consisting of the h-BH covered channel, graphene drain and source contacts, and a part of the Au leads contacting the graphene electrodes. A large part of the graphene/WSe 2 drain and source contacts is clean and free from bubbles with a relatively low RMS roughness of a few tenths of a nanometer, indicating a high quality of the graphene/WSe 2 interface. The few wrinkles observed in the graphene/WSe 2 contact areas in Figure 1c are not expected to have a significant impact on the overall contact quality. This is indeed verified by the near-ideal Schottky diode behavior in a graphene contacted WSe 2 device, which is dominated by a single graphene/WSe 2 junction as discussed in detail below. Electrical properties of the devices were measured by a Keithley 4200 semiconductor parameter analyzer in a Lakeshore Cryogenic probe station after dehydrating the IL under high vacuum (∼1 × 10 −6 Torr) for 48 h. This removed any remaining moisture thoroughly, which turned out to be important for preventing the formation of chemically reactive protons and hydroxyls through the electrolysis of water. 21, 44 As shown schematically in Figure 1a , negative ions in the IL accumulate near the gate electrode and positive ions accumulate near the WSe 2 channel when a positive voltage V ILg is applied to the IL gate electrode near the device channel. This scenario reverses when a negative voltage is applied to the gate. In both cases, electric double layers form at the interface between the IL and the solid surfaces. 21 , 45 We have not measured electron and hole mobilities at room temperature to avoid the possibility of chemical reactions involving the IL at high voltages. Because the electrochemical stability of the IL increases with decreasing temperature, larger IL gate voltages can be applied without causing chemical reactions at lower temperatures. To minimize the possibility of chemical reactions between the IL and graphene contacts, electrical transport measurements were carried out between 77 and 180 K, after the devices had been quickly cooled from 230 to below 170 K at fixed IL voltage. Below the freezing point of the IL at ∼200 K, the carrier density induced by the presence of positive or negative ions, which preferentially enriched the vicinity of graphene contacts remained practically constant. 21 Measuring the electrical property of IL-gated devices below the freezing point of the IL also eliminates possible coupling between the Si back and IL gate. 21, 37 We have measured several WSe 2 devices with IL-gated graphene drain and source contacts. Among these, two devices had h-BN channel passivation, one had its channel covered by a 50 nm thick Al 2 O 3 layer, and a few other devices had bare channels (uncovered). While qualitatively consistent results were observed in all devices, the two h-BN covered WSe 2 devices showed the best performance, which can be attributed to the excellent interface quality between WSe 2 and h-BN. Slightly inferior results obtained using the Al 2 O 3 passivated WSe 2 device and an unpassivated, bare WSe 2 device are discussed in the Supporting Information. Figure 2a shows the transfer characteristics of a 6 nm thick h-BN passivated WSe 2 sample with a channel length of 4.8 μm, measured at room temperature at V ds = 0.1 V before the IL has been deposited. The device shows clear ambipolar behavior with relatively low drain-source current for both the hole and electron channels, indicating significant SBs in both the valence and conduction band regions of WSe 2 . In this case, both electron and hole injection is accomplished either via thermal excitation across the SB or tunneling at the band edge, or by thermally assisted tunneling, which combines the first two mechanisms. Consequently, electrons (holes) are preferably injected into the conduction (valence) band as the back-gate induced band bending reduces the SB thickness, and as the back-gate modulation of the graphene carrier density, which shifts its Fermi level, lowers the SB height at high positive (negative) gate voltages. This SB modulation is schematically illustrated in the inset of Figure 2a . It is imperative to further reduce the height of SBs at the graphene/WSe 2 contacts, since the presence of a significant contact resistance associated with a large SB height prevents the exploration of the intrinsic performance limits of WSe 2 as a FET channel material. To minimize the SB height and thus the contact resistance, we applied large positive (negative) IL gate voltages to the graphene contacts to optimize the electron (hole) injection to WSe 2 . Figure 2b shows the transfer characteristics of the device measured at 170 K and in the Si back gate configuration for different IL gate voltages applied during cooling down from 230 to 170 K. Because the WSe 2 channel is protected from direct contact with the IL by a h-BN crystal, the difference in the I ds − V bg characteristics for different V ILg arises chiefly from the ILgate tuning of the graphene/WSe 2 contacts. Without applying a voltage to the IL gate, even though the graphene contacts are already covered by IL the device shows a similar ambipolar behavior with comparable electron and hole currents as prior to the deposition of the IL droplet. As the IL gate voltage increases to V ILg = 6 V, the ON-current for the electron channel, measured at V bg = 70 V, increases by an order of magnitude to 3 μA/μm, while the hole current measured at V bg = −70 V decreases by over 3 orders of magnitude from 10 −2 to below 10 −5 μA/μm. The ON/OFF ratio of the device exceeds 10 7 for the electron channel, while that for the hole channel is less than 10 2 when cooled down at V ILg = 6 V. This behavior is associated with opposite trends in the changing height of the SB to the conduction and valence bands, which is caused by the IL gate modulation of the carrier density that changes the Fermi level in the graphene drain and source contacts. As the positive IL gate voltage increases, the Fermi level in graphene shifts upward, thus decreasing (increasing) the SB height for the conduction (valence) band. Moreover, the threshold voltage decreases with increasing IL gate voltage as shown in the inset of Figure 2b , which can also be attributed to the reduction of SB height for the conduction band, because a higher V bg is needed to overcome a larger SB height to inject electrons into the conduction band, chiefly via band bending. The hysteresis in the room temperature transfer characteristics, shown in Figure 2a , likely originates from charge trapping in the SiO 2 substrate. This is corroborated by the observation that the hysteresis diminishes below 170 K, where the charge trapping is suppressed (see Figure 2b) . 46−48 The output characteristics of the WSe 2 device after being cooled down to T = 170 K is shown in Figure 2d for zero applied IL gate voltage and in Figure 2e for V ILg = 6 V. As shown in Figure 2d , the drain current displays strongly nonlinear (upward turning) I ds −V ds behavior in the case of no applied IL gate voltage, suggesting the presence of a significant SB at the contacts. In sharp contrast to this, the I ds − V ds characteristics of the same device, when cooled down at V ILg = 6 V, is linear at all back gate voltages according to Figure 2e . Furthermore, the resistance of the device calculated from the slope of the I ds −V ds characteristics, measured in the low-bias region at V bg = 40 V with no applied IL voltage, is over 2 orders of magnitude larger than for V ILg = 6 V. Also, the ON-current of 0.27 μA/μm, measured at V ds = 1 V and V bg = 40 V with no applied IL gate voltage, is about 67 times smaller than the ONcurrent value of 18 μA/μm for V ILg = 6 V. Both observations provide further evidence that a large positive value of V ILg reduces the contact resistance for the electron channel, most likely by primarily lowering the SB height. As depicted schematically in the insets of Figure 2d . In this case, the SB for the valence band carrier injection is significantly reduced, since the Fermi level of the graphene electrode has been lowered to line up with (or close to) the valence band edge, as depicted in the inset of Figure 2f . As shown in the main panel of Figure 2f , the I ds −V ds characteristics measured in the hole channel are also linear and exhibit similar drain-source currents as previously observed for the electron channel at V ILg = 6 V. Our findings indicate that low resistance contacts were achieved also for the valence band. It is worth pointing out that the ideal scenario of zero SB height, as schematically illustrated in the insets of Figure 2e ,f, is unnecessary for achieving low-resistance contacts in our WSe 2 samples. It is conceivable that a small SB still exists in our graphene-contacted WSe 2 devices, where the contact resistance is drastically reduced by the combined effect of SB height Nano Letters reduction and SB width narrowing due to IL gating. The graphene/WSe 2 contact resistance was estimated from the output characteristics of a short channel (L ≈ 200 nm) graphene-contacted WSe 2 device at high V bg and high V ILg (see Supporting Information for details). The extracted contact resistance is less than 2kΩ·μm, which is substantially lower than the reported contact resistance of 7 × 10 5 Ω.μm for Ti electrodes and 6.5 × 10 3 Ω.μm for Ag electrodes in multilayer WSe 2 FETs. 10 To further characterize the graphene/WSe 2 interface quality and to shed additional light on the electric field modulation of graphene/WSe 2 junctions, we fabricated a WSe 2 device that is dominated by a single graphene/WSe 2 SB. A Schottky diode behavior in this device was achieved by applying an asymmetric IL gate voltage to create one high-resistance SB contact and one low-resistance contact to the two electrodes. 33 Figure 3a shows typical Schottky diode characteristics of an n-type graphene/WSe 2 SB junction measured at back gate voltages V bg = 20 and 30 V. Moderate positive back-gate voltages were chosen to turn the electron channel on so that the resistance of the entire device was dominated by the high-resistance graphene/WSe 2 SB junction. A diode ideality factor of ∼1.3 was obtained in the forward region at low bias voltages. The closeness to the ideality factor of 1.0 obtained for this device is comparable to that of optimized graphene/Si contacts, 25 further validating the high interface quality of our graphene/WSe 2 contacts. Realization of a SB diode simplifies the procedure to extract the SB height from the temperature dependence of the diode characteristics without the complications arising from back-to-back SB contacts in most TMD FET devices. WSe 2 in contact with the graphene drain and source electrodes is likely electrostatically doped by the back gate voltage, which has been applied to turn on the channel, and possibly also by the IL gate voltage in view of the incomplete screening by graphene. In this case, the current injection through the graphene/WSe 2 SB junction is expected to be dominated by thermally assisted tunneling rather than thermionic emission. Therefore, the commonly used thermal activation method is expected to underestimate the SB height in our SB diode. To obtain a better estimate of the SB height at the graphene/WSe 2 junction, we have adopted a model that considers the thermally assisted tunneling current to highly doped semiconductors through an SB.
49,50 Figure 3b shows forward I−V characteristics in the exponential region, which appears linear in the semilogarithmic plot, measured at temperatures between 77 and 160 K within one thermal cycle in order to avoid possible thermal hysteresis effects. Our data are well represented by the equation I f = I s exp(eV f /Φ 0 ), where I s is the saturation current at zero forward voltage V f = 0 V and Φ 0 is a characteristic energy, both of which are strongly temperature dependent. Furthermore, the saturation current I s also depends exponentially on 1/Φ 0 . Figure 3c shows the semilogarithmic plot of I s as a function of 1/Φ 0 using the I s and Φ 0 values obtained from the fits of our data at different temperatures for V bg = 20 V, shown in Figure 3b , and V bg = 30 V. Fitting the data for the saturation current I s in Figure 3c by the function I s ∼ exp(Φ b /Φ 0 ), we obtain Φ b = 0.44 eV as a SB height of the graphene/WSe 2 junction at V bg = 20 V and the lower value Φ b = 0.31 eV at V bg = 30 V. The SB height obtained here is consistent with the difference between the graphene work function and the conduction band minimum in WSe 2 . 4 The reduction of SB height at increasing back gate voltage can be attributed to the back gate tuning of the graphene work function, because the relatively low carrier density in the thin WSe 2 layer is not sufficient to screen the back gate electric field. In the absence of Fermi level pinning and electric field screening, the maximum tunability of the graphene work function is estimated to be of the order of 0.1 eV near the charge neutrality point of a graphene monolayer for a back-gate voltage range of 10 V in our devices (see the Supporting Information). The work function of the graphene contacts is also rather insensitive to the back gate voltage and is chiefly determined by the IL gate at high V ILg values due to the extremely high carrier density in graphene and the much larger IL gate capacitance. The fact that the graphene work function changes by the theoretical limit as the back gate voltage changes by 10 V indicates that Fermi level pinning is nearly absent in our graphene/WSe 2 junctions and that graphene is close to its charge neutrality point.
The low-resistance contacts fabricated in our study by highly doping graphene at the graphene/WSe 2 junctions using large IL-gate voltages enable us to investigate for the first time the intrinsic properties of both the hole and electron channels in TMDs on the same device. Figure 4a ,b shows the electron and hole channel conductivity of the same device, characterized in Figure 2 , as a function of back gate voltage between 77 and 160 K. The conductivity is defined by σ = I ds /V ds × L/W, where L is the length and W is the width of the h-BN passivated WSe 2 channel. The conductivity increases with decreasing temperature for electron channels at high positive and for hole channels at high negative back gate voltages. Interestingly, with increasing hole density we observe a crossover from an insulating regime, where the conductivity increases with increasing temperature, to a metallic regime, where the conductivity decreases with temperature. This crossover occurs at the critical conductivity of e 2 /h, consistent with the observed metal−insulator transition (MIT) in monolayer, bilayer, and multilayer MoS 2 as well as theoretical expectations for 2D semiconductors. 16, 19, 51 However, the MIT in our WSe 2 device occurs at a much lower carrier density of ∼1 × 10 12 cm 2 than that in MoS 2 (∼1 × 10 13 cm 2 ), which may be attributed to the lower level of impurity states inside the band gap of our h-BN passivated WSe 2 devices than in previously reported MoS 2 devices. 16 Here, the critical carrier density for the MIT is determined by C bg × (V MIT − V th )/e, where V MIT is the back gate voltage of the MIT and V th is the threshold voltage. Unlike the hole channel, this MIT is considerably suppressed for the electron channel, as seen in Figure 2a . As our WSe 2 crystals are likely slightly p-doped, most impurity states in the band gap are expected to be closer to the valence band edge. As a result, any disorder should affect the conduction band less than the valence band. Furthermore, the threshold voltage for the conduction band is close to V bg = 0 V, whereas it is close to −20 V for the valence band, confirming further that there are more impurity states in the gap near the valence band edge than the conduction band edge. As the chemical potential of the WSe 2 channel is tuned toward the valence band by the back gate, it crosses localized band tail states before reaching the valence band, leading to a non-negligible threshold voltage. On the other hand, the substantially lower density of impurity states near the conduction band edge allows the electron channel to be turned on much more quickly by a gate voltage, leading to a significantly reduced threshold voltage. 52 Given the small hysteresis in the transfer characteristics of the device, seen in Figure 2b ,c, our observation of a MIT in the hole channel is unlikely a hysteretic effect. Indeed, the conductivity curves for opposite directions of gate voltage sweeps, taken from the dualsweep transfer characteristics at 77 K < T < 160 K, show nearly identical behavior, as seen in Figure S5 in the Supporting Information. This observation further rules out the possibility of a hysteresis influencing the presence and absence of a MIT for hole and electron channels. 16 Figure 4c shows the temperature dependence of the mobility for both the hole and electron channels, extracted from the linear region of the conductivity curves in the metallic state, corresponding to −45 V < V bg < −35 V for the hole channel and 10 V < V bg < 20 V for the electron channel, using the expression for field-effect mobility μ = (1/C bg ) × (dσ/dV bg ). As the temperature decreases from 160 to 77 K, the mobility in the electron channel increases from 196 to about 330 cm 2 V −1 s −1 and that of the hole channel increases similarly from 204 to about 270
. The mobility values observed here are comparable to the highest mobility values reported in thin film WSe 2 transistors. 8, 10, 12 The increase of the mobility with decreasing temperature along with the high absolute values of the mobility strongly suggests that we are observing the intrinsic channel properties that are dominated by phonon scattering. It is worth pointing out that also the channel passivation with ultraflat and ultraclean h-BN crystals is critical to achieving high mobilities and low threshold voltages by minimizing the presence of interface trap states. As we discuss in the Supporting Information, substantially lower mobilities and higher threshold voltages were observed in WSe 2 devices, where the channel was passivated by a 50 nm thick Al 2 O 3 layer.
In conclusion, we have studied the use of graphene as a work-function-tunable electrode material for few-nanometer thick WSe 2 FETs. We have shown that the contact resistance at the graphene/WSe 2 drain and source contacts can be drastically reduced by lowering the Schottky barrier height by IL gating. Our Schottky diode fabricated by applying asymmetric IL gate voltages to the source and drain contacts exhibits near-ideal SB diode behavior, further corroborating that the graphene/WSe 2 interface is of high quality. Realization of low-resistance contacts along with the channel passivation using ultraclean h-BN has enabled us to observe intrinsic charge transport properties of the WSe 2 channel. The approach demonstrated here can be applied to a wide range of layered two-dimensional semiconductors in addition to TMDs. We use IL gating as a highly effective and versatile method to demonstrate one way to achieve low-resistance contacts by significantly reducing the SB height at the graphene/WSe 2 drain and source electrodes. Methods to achieve high electron-and hole-doping of graphene that yield more permanent and air-stable contacts will be explored in the future.
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